Motor proteins drive persistent motion and self-organisation of cytoskeletal filaments. However, state-of-the-art microscopy techniques and continuum modelling approaches focus on large length and time scales. Here, we perform component-based computer simulations of polar filaments and molecular motors linking microscopic interactions and activity to self-organisation and dynamics from the two-filament level up to the mesoscopic domain level.
Introduction
The key structural and active element operating biological cells is their cytoskeleton, which to a large extent is composed by polar filaments dynamically interconnected by passive and active crosslinkers (1, 2) . The cytoskeleton provides mechanical stability to cells, acts as dynamic force-generating element, and serves as a track network for active intracellular transport (3, 4) .
Moreover, internal motion of the cytoplasm, which can be generated by the dynamics of the cytoskeleton, secures nutrient availability and the distribution of organelles (5) . Fundamental knowledge about the relationship between cytoskeleton structure and dynamics is therefore necessary to obtain a deeper understanding of cellular function and dysfunction in vivo, and for design and synthesis of active-gel materials, e.g., artificial cells (6, 7) . In dilute suspensions of freely diffusing filaments and motors, the filaments self-organise into large-scale aster-like structures and vortices (8, 9) . In contrast, in dense suspensions of filaments and motors at an oil-water interface, pioneering experiments (10-13) have revealed exciting non-equilibrium behaviours, such as persistent spontaneous flows and turbulence. In particular, the formation of topological defects has been shown to be a clear signature of active nematics (10) .
Component-based computer simulations have greatly advanced the field of passive colloidal systems in the past, as well as the emerging field of active materials in recent times. In the latter, non-equilibrium, energy-consuming processes drive the system, which lead to very rich collective behavior (14) (15) (16) (17) . For example, ensembles of self-propelled rod-like particles form novel liquid-crystalline steady states (18) (19) (20) (21) (22) . Single self-propelled, semiflexible filaments form spirals, while multiple filaments cluster and their dynamics changes from jamming to active turbulence with increasing Peclet number (23) . At high densities, where the equilibrium phase of the corresponding passive system is nematic, continuum models predict spontaneous flows and turbulence (20, (24) (25) (26) (27) (28) . Computational modelling has also been used to study cellular processes connected to cytoskeletal dynamics, like mitosis and contractility (29, 30) .
Important and challenging questions for filament-motor systems include the identification of the roles of hydrodynamic interactions, filament flexibility, and motor and crosslinker properties. While existing continuum models indicate that hydrodynamic interactions are an essential element for the formation of defect structures (15, 27) , this is in contrast with results obtained with models of apolar active elipsoids (31) and self-propelled filaments (23) , and experiments of vibrated granular rods (32) . In these systems, defect formation and complex dynamics have been observed in the absence of hydrodynamics. Flexibility of the filaments must also be relevant, because in simulations of mixtures of stiff rods and motors topological defects have not been observed (33) (34) (35) . Finally, passive cross-linkers have been demonstrated to be key to change the behavior of a filament-motor mixture from extensile to contractile (36) .
In this paper, we study the emergent structures and persistent dynamics in mixtures of semiflexible filaments and molecular motors using Langevin Dynamics simulations. Our microscopic, filament-based modelling approach for dilute and concentrated systems bridges length scales from nanometer-sized molecular motors to micrometer-long, semiflexible filaments, and time scales from tens of microseconds for single-motor steps to seconds for cytoplasmic streaming (34, 37) . Our two-dimensional simulations correspond to experimental studies for filamentmotor suspensions at oil-water interfaces (10) . Our calculations show that the average motorinduced force on antiparallel filaments is a robust measure for the activity in the system. The generated active stresses induce a buckling-type instability in initially nematic filament systems.
At steady state, complex flow patterns emerge that lead to continuous creation and annihilation of topological defects, and to active Brownian particle-like filament diffusion at long time scales.
Our simulations are based on a model of semiflexible filaments of contour length L and persistence length p in two dimensions. Filaments consist of n s beads of diameter σ connected by stiff harmonic springs with rest length a 0 = L/(n s − 1) where a 0 = σ. The filament area fraction φ = n f n s πσ 2 /4L 2 box is varied by changing the number of filaments, n f , or the box size L box . Molecular motors are modelled by harmonic springs with rest length r 0 and spring constant k m , and attach to neighbouring filaments with rate Γ att . Motors walk in the direction of the filament polarity with step length a 0 . The step rate is proportional to the probability p 0 m to move a motor arm, which sets the bare motor velocity v 0 = a 0 p 0 m /∆t, where ∆t is the motor time step. Motors detach when they reach the end of a filament, when they encounter a motor already bound, or when their length exceeds a threshold r off . In the following we use the reduced quantities: filament aspect ratioL = L/σ, motor-to-filament ratioñ m = n m /n f , For details see Methods.
Results

Activity drives the formation of polar domains
The microscopic origin of filament motion is the active and dynamic crosslinking of filaments by molecular motors. Because filaments are intrinsically polar, the resulting parallel forces depend on the relative orientation of connected filaments. If these two filaments are polar-aligned, and two consecutive motor steps occur on the two different filaments, the motors induce no net filament motion, see Fig. 1a . However, if the filaments are anti-aligned, the motors get stretched and net filament motion results, see Fig. 1b . The n m motors are classified as n p m 'parallel motors' that connect parallel filaments in the interior of domains, and n ap m 'anti-parallel motors' that dynamically crosslink and slide filaments at the interfaces between oppositely oriented domains relative to each other.
An initially disordered nematic suspension of filaments transforms into an "active polar nematic" when molecular motors are added. The motor-induced sliding forces first lead to a rapid sorting of filaments into narrow polar bands with antiparallel alignment at the domain boundaries, see Fig. 1c . In time, these polar bands coarsen. When the activity is large enough, a buckling instability leads to disordered configurations of polar domains with topological defects, see Fig. 1d . If the activity is too small or the filaments are too stiff, the steady state consists of stable parallel bands, see fig. SI 1. Video 1 illustrates the polarity-sorting process in more detail. Video 2 shows the entire dynamical evolution from the initial nematic state to the stationary state.
Steady-state filament dynamics emerges from a complex interplay between various filament and motor properties. For example, the number of antiparallel motors is an important factor driving the filament dynamics, as well as the suspension structure. Figure 1e shows that the fraction of antiparallel motors increases with decreasing filament persistence length p and with increasing bare motor velocity. As we will show later, a shorter persistence length leads to smaller domains and overall larger interface length, such that more antiparallel motors can be accommodated. Similarly, larger motor velocities lead to a higher activity and to smaller domains. We quantify the activity by the total motor force in the system as
with the average relative extension r m /r 0 − 1 of the antiparallel motors. In steady state, the motor force is balanced by an effective friction force with friction coefficient γ eff ∝ D 
Buckling polar bands
The strength of the active force does not only determine the average filament velocity, but also structure, size, and stability of the domains. Polar bands are stable for weak active forces and large persistence lengths, whereas they become unstable and buckle at a particular wavelength λ The wavelength λ at the instability displays a square-root dependence on the filament persistence length p (see fig. 3d ). The assumption that the active force in all these systems evolves independent of the persistence length (see 
Intradomain dynamics
Our component-based model also provides detailed microscopic information about the filament dynamics within the polar domains. We studied configurations with a stable number of bands, an example of which is shown in Fig. 4a Moreover, the velocity correlation length is rather insensitive to a change in activity as was also found in Ref. (25) 
Dynamics of topological defects
The system of polar filaments and motor proteins shares features with both active nematics, and polar active fluids, although it is clearly distinguishable from both of them. As for active nematics, anti-parallel motion at the interfaces drives the dynamics; as for polar active fluids, polar order emerges within the domains. However the characteristic topological defects that appear in polar active fluids, +1 or −1 defects (20) , are never observed here. Instead, the defect structures in the dynamic disordered phase are +1 /2 and −1 /2 topological defects, as shown in Importantly, these are not the standard defects of active nematics, because the three domains which meet at a -1 /2 defect display polar order, which implies that there can be active forces where domains with anti-parallel polar order meet. In particular, our polar filament model gives rise to two types of -1 /2 defects with different orientations of the polar domains around the defect core. One has C 1 symmetry, the other C 3 symmetry, see Figs. 5b and c. Note that for the C 1 -defect in Fig. 5b , there are additional (unmarked) boundaries between anti-parallel domains in the lower left and right corners where the motion is originated.
The topological defects are calculated following Refs. (41, 42) and show super-diffusive motion of the +1 /2 defects, and sub-diffusive motion of the -1 /2 defects as follows from the defects MSDs in Fig. 5d and illustrated in Video 4. The annihilation of two defects is shown in Video 5.
However, we do not find any differences in the dynamic behaviour of the two types of -1 /2 defects.
The defect density depends linearly on the activity, which is reflected by the inverse square root dependence of the distance l def between the defects on the force as shown in Fig. 5e . A similar scaling is found for a related characteristic length scale in the system, the domain size, shown in Fig. 5f . The exponential decay of the parallel and perpendicular spatial orientational correlation functions Ω (r) and Ω ⊥ (r) (see fig. SI 9) provides the correlation lengths l ⊥ and l , which 
Universality of domain-size scaling and active diffusion
In passive lyotropic liquid crystalline systems particle density and shape determine both structural and dynamical properties. For active systems, however, the active force provides an additional control parameter. 
Discussion
Our simulations of semiflexible polar filaments crosslinked by molecular motors generate macroscopic active domains and defect formation in the absence of hydrodynamic interactions. The simulations reveal a novel structure, an 'active polar nematic', which consists of nematically arranged polar domains. Essential results of the simulations are that activity manifests at domain boundaries, not inside domains, and that new types of topological defects appear, which are distinguished by the two possible arrangements of polar orientation at a three-fold junction. An initially nematic arrangement of filaments is unstable and is found to evolve via polarity sorting, band formation, and buckling into a stationary but highly dynamic polar-domain structure with persistent defect formation and annihilation. We find universal scaling of active filament diffusion and of domain sizes with the active force determined by the number of antiparallel motors and their extension. Our model can readily be extended to three-dimensional systems, to study the effects of stiff and (semi)flexible confinements, as well as of models with an increased level of complexity like the inclusion of passive crosslinkers or hydrodynamic interactions.
Materials and Methods
Suspensions of n f semiflexible filaments and n m motors are studied using Langevin dynam- (46) which is 14% less than that for a system with a purely repulsive WCA potential at ε/k B T = 1.0 and 4% less than the WCA potential with ε/k B T = 0.1. The filament beads also act as binding sites for molecular motors. These are modelled as harmonic springs
with spring constant k m and equilibrium length r 0 = σ that walk on the filaments (33, 34, 37, 47) . Note that here the discretisation length a 0 directly sets the motor step size. When the separation between two empty sites on nearby filaments is smaller than r att a free 
is integrated with a time step δt using the integrator proposed in Ref. (44) . In order to satisfy the fluctuation-dissipation theorem the random forces are Gaussian distributed with mean zero and variance 2k B T γδ(t − t ). The integration time step δt and friction γ, were chosen such that δt/m = 0.005 and γδt/m ≥ 0.005. For these parameters the (passive) center-of-mass motion of a single filament is diffusive for center-of-mass displacements larger than a fraction of the length of a filament, i.e., for center-of-mass diffusion the dynamics is essentially overdamped.
Note that the simulation time increases linearly with the friction constant. Simulations typically contain 900 filaments of 21 beads and up to 3200 motors.
The coupling of filaments by molecular motors leads to sliding and binding forces that depend on the relative orientation of the filaments, see Fig. 1a ,b, where antiparallel motors (coupling two antiparallel filaments) exert larger forces than parallel motors (coupling two parallel filaments). Moreover, the activity induced by dimeric motors (one motorarm is grafted) tetrameric motors (both motor arms move simultaneously) is larger (34) . The motor model here is a hybrid of the two, both motor arms can move with equal probability but only one at a time.
Rotational diffusion is measured through the filament orientation correlation function, where the orientation is defined as the eigenvector corresponding to the largest eigenvalue of the moment of inertia tensor.
Supplementary Materials
Movie S1. Dynamics of polarity sorting and coarsening of polar bands from the initial disordered nematic state.
Movie S2. Steady state dynamics of polar domains with repeated creation and annihilation of defect pairs.
Movie S3. Dynamics of the elastic instability. Formation and buckling of polar bands leads to the emergence of the disordered phase.
Movie S4. Defect dynamics. Extensile motion of a ± 1 /2 defect pair.
Movie S5. Annihilation of a +1 /2 (blue) and -1 /2 defect (purple). Band formation and steady state structure at large persistence lengths or low activity Figure SI 1 shows the time evolution of a nematic phase with large persistence length when motors are added. At short times (a) the system is in a disordered nematic state. At intermediate times (b) the system forms polar sorted bands that subsequently coarsen, and at late times (c), when the system reaches steady state, two stable oppositely aligned bands form. This is a typical time sequence for large persistence lengths and/or for small activities. Figure SI 2a shows the parallel velocity (averaged over all filaments) (green) as a function of the lag time τ . The average is also performed over only the filaments in a parallel environment (filaments point in the same direction) (blue), and in a antiparallel environment (filaments at the interface point in opposite direction) (purple) filaments. Clearly, the velocity of the antiparallel filaments is much larger than that of the parallel ones. The average velocity over all filaments is closer to the average over the parallel filaments since the fraction of parallel filaments is much larger. In each domain, parallel filaments form the bulk of the domain interior, while antiparallel filaments are found at the boundaries. Figure SI is proportional to n ap m , Fig. SI 4 also shows the time evolution of the force on the filaments. Interestingly, the curves for different persistence lengths follow the same time evolution, indicating that, at this stage, the microstructures are very similar.
Parallel velocity and temporal orientational autocorrelation function
Fraction of antiparallel motors
Velocity correlation function
Additional comparison with existing experimental and simulation work [1, 2] can be done through the spatial velocity correlation function
The center of mass displacement d i of filament i over a lag time τ is defined as d i (τ ) = r i (t + τ ) − r i (t) with To gain more understanding, we focus on r > σ and lag times τ , such that the passive system is in the diffusive regime (in Fig. SI 6 , this corresponds to the time window in which the scaled MSDs overlap). In this case, long-ranged spatial correlations build up [3] and C v (r, τ ) typically shows an exponential decay [4] , C v (r, τ ) = A exp[−r/ξ]. Amplitudes A and decay lengths ξ for various parameter sets reveal the dependence of the collective filament motion on motor densities, filament densities and persistence lengths.
Amplitude and velocity correlation length are shown in Fig. SI 7a and b , respectively, for different activities (changing the number of motors, while keeping all other parameters constant). Spatial velocity correlations build up at short times and decay at long times. A maximum amplitude is found at τ v /L ≈ 1/2, the time at which filaments have moved about half their length. Interestingly, the time-dependent velocity correlation lengths ξ/L for different activities superimpose when plotted as a function of τ v /L. The same behaviour of the velocity correlation length is also found when the area fraction of filaments is changed as shown in Fig. SI 7c , except for very small area fractions (φ < 0.3) where the filaments are still in the isotropic state (see the snapshots in Fig. 6 a,b in the main text). However, a different behaviour is found when the filament persistence length is varied, see Our system is different from the experiments in Ref. [1] where suspensions of extensile bundles of microtubules and kinesin motors are studied and in which the velocity correlations are measured using displacements of large tracer particles. It is also different from the continuum model of Ref. [2] based on the theory of active nematics. Nevertheless, the velocity correlation functions are in all cases found to be exponential functions, and in particular the correlation length is rather insensitive to the activity. Moreover, for larger filament stiffnesses p L we also find an approximately linear increase of the velocity cor-relation length with increasing bending rigidity (in our case˜ p ) as in active gel theory [2] . For small filament stiffness our component-based model predicts universal scaling for ξ/L for various persistence lengths.
Spatial orientational correlation function
The sizes of the domains can be estimated through the segment-based spatial orientational correlation functions, Ω (r) and Ω ⊥ (r), which measure the average angle between filament segments found at a distance r from a central segment parallel or perpendicular to the orientation of that central segment, Ω (r) = This decay allows the estimation of the domain sizes parallel and perpendicular to the filament orientation. The length l and the width l ⊥ are defined as twice the peak width at half maximum. The examples of Ω(r) displayed in Fig. SI 9 show that the decay length becomes smaller when the persistence length decreases, i.e., domains become smaller. The transversal orientational correlation function shows oscillations, indicating the abrupt change of the orientation when the interface between domains is crossed.
